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Numerical Simulations of Cone Penetration Test in Gassy Sand Deposits 
 
Abstract  
Densification of loose granular deposits with blast densification technique is usually 
verified with measurements of ground surface settlement and by comparison of penetration 
resistance with field tests performed after and before treatment. Field tests such as the 
Standard Penetration Test (𝑆𝑃𝑇) and Cone Penetration Test (𝐶𝑃𝑇) are commonly 
employed. Recent field performance data has shown SPT and CPT measurements after 
blasting lower than the values before treatment. It indicates that the soil mass has not been 
improved, in terms of strength, despite the treated layer significantly settled after blasting. 
This phenomenon is attributed to factors such as loss of aging, redistribution of stress, 
particle rearrangement and gas bubbles trapped in the soil mass released by detonations. 
This research focused on numerically studying the effect of gas bubbles trapped in 
the soil mass on the penetration resistance measured with the CPT. Boundary value 
problems simulating oedometer, triaxial and CPT tests were performed with the finite 
element code PLAXIS 2D. The hypoplastic sand model with the intergranular strain 
extension was used to model the constitutive response of the sand. Pore fluid 
compressibility is modified to account for the presence of free gas into the soil structure. 
Results from the field and numerical analyses were combined to draw conclusions 
and provide recommendations. It was found that the increases of the pore fluid 
compressibility reduce, especially for loose to medium sands, the cavity expansion 
pressure which is directly related to the CPT tip resistance. 
 
Keywords: Blast densification, Cone penetration test, Gassy soil, Pore fluid 








La densificación de depósitos de suelos granulares sueltos usando la técnica de 
densificación con explosivos es usualmente verificada a partir de asentamientos medidos 
en la superficie, y comparando la resistencia a la penetración obtenida de ensayos de 
campo ejecutados antes y después del tratamiento. El ensayo de penetración estándar 
(SPT) y el ensayo de penetración con cono (CPT) son comúnmente empleados. Datos 
recientes de medidas de resistencia obtenidas con el SPT y el CPT después de las 
explosiones son menores a los valores medidos antes del tratamiento. Esto indica que la 
masa de suelo no presenta ninguna mejora en términos de resistencia, a pesar de los 
asentamientos que se presentaron en el estrato mejorado después de las explosiones. 
Este fenómeno se atribuye a factores como la perdida de la edad del suelo, redistribución 
de esfuerzos, reordenamiento de partículas y las burbujas de gas atrapadas en la masa 
de suelo liberadas por la detonación. 
Esta investigación se enfoca en estudiar el efecto que causan las burbujas de gas 
atrapadas en la masa de suelos en la resistencia a la penetración medida con el CPT. 
Simulación numérica de ensayos edometricos, triaxiales y CPT fueron ejecutados con el 
programa de elementos finitos PLAXIS 2D. El modelo de hipoplasticidad para arenas con 
la extensión de la deformación entre granos se usó para modelar la respuesta de la arena. 
La compresibilidad del fluido en los poros se modificó para tener en cuenta la presencia 
de los gases dentro de la estructura de suelo. 
Los resultados obtenidos de las pruebas de campo y los análisis numéricos se 
combinaron para explicar si la falta de incremento en la resistencia a la penetración con 
CPT, después de la densificación con explosivos, es atribuida a la presencia del gas en 
forma de burbujas que se encuentran dentro de la masa de suelo. Se encontró que el 
incremento de la compresibilidad del fluido en los poros reduce, especialmente para 
arenas sueltas y medias, la presión de expansión de cavidad la cual está relacionada con 
la resistencia por punta del CPT. 
 
Palabras claves: Densificación con explosivos, Ensayo de Penetración con Cono, 
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1.1 Synopsis of the Problem  
Soil improvement techniques have been used extensively to prevent many of the 
settlement and stability problems associated with the constructions in sites with unsuitable 
soil for supporting structures. Generally to mitigate the effects subjected to soil liquefaction 
which consequences can lead to damage to civil infrastructures and economic losses or 
fatalities in the communities.(Gaafer et al. 2015). 
The employment of a method that can be used to enhance the engineering 
characteristics of the ground depends mainly on type of soil, cost of improvement, feasibility 
of application of the technique, or the mechanism applied for the improvement. For most 
practical cases where the liquefaction is a concern, the most common and economical 
mechanism to improve the soil works based on the principle of densification. 
Blast densification is a soil improvement technique, used for more than 70 years all 
over the world, to increase density of loose granular soils to reduce the susceptibility of a 
soil to liquefaction. This technique does not require special equipment and is identified by 
study cases as a fast, easy and inexpensive method among various compaction of loose 
granular layers techniques. (Ashford et al. 2004; La Fosse 2002; La Fosse and von 
Rosenvinge 1992; Hall 1962; Lyman 1942; Prugh 1963; Solymar 1984; Wild 1961). This 
technique uses the energy liberated by explosive detonations placed inside a loose sand 
layer to generate a denser state of soil mass with an apparent increase in the stiffness and 
strength. This can induce volume changes 2 or 3 times larger than those obtained with a 
large earthquake and increase a relative density of uncemented deposits more than 70%. 
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(Dowding and Duplaine 2004; Dowding and Hryciw 1986; Narsilio et al. 2009; Shakeran 
and Eslami 2014). 
Several cases suggested that the effectiveness of blast densification can be validated 
with measurements of ground surface and subsurface settlement, considering that any 
vertical deformation experimented in the ground surface after blasting is mainly due to the 
densification of the loose sand layer. Comparisons of in-situ penetration resistance results 
before and after treatment are also used to verify the efficacy of blast densification in terms 
of strength and liquefaction resistance. This based on the work developed by Youd et al. 
(2001) which shows that capacity of the soil to resist liquefaction is related to the density. 
Commonly employed tests to measure the penetration resistance are Standard Penetration 
Test (𝑆𝑃𝑇) and the Cone Penetration Test (𝐶𝑃𝑇). (Camp et al. 2008; Charlie et al. 1992; 
Dowding and Hryciw 1986; Gallant 2014; Gohl et al. 1998, 2000, 2009; Narsilio et al. 2009; 
Solymar 1984).  
However, based on field tests results, some of these studies have shown no 
increases or even a decrease in penetration resistance on the densified soil layer despite 
the ground surface settles after blasting. (Camp et al. 2008; Liao and Mayne 2005; Narsilio 
2006; Narsilio et al. 2009) This indicated that treated soil layer has not improved in terms 
of strength and stiffness, regardless of densification as confirmed by ground surface 
settlement measurements upon detonation. Other studies shown the penetration resistance 
of the densified layers is time dependent, this means that an initial decrease in resistance 
can be observed after detonation but then an increase can occur several months or years 
after soil improvement.(La Fosse and von Rosenvinge 1992; Mitchell and Solymar 1984; 
Solymar 1984) 
The initial lack of increase in the soil resistance and the time dependent strength 
behavior of soil after blast densification have been attributed to several theories or factors: 
destruction of the original soil structure (Mitchell and Solymar 1984; Schmertmann 1991), 
decreased in the horizontal effective stress (Schmertmann 1987), grain reorientation 
(Bowman and Soga 2003; Thomann et al. 1992) and gas bubbles trapped in the soil mass 
released by detonations (Dowding and Hryciw 1986; Hryciw 1986). Although many of these 
factors have been studied, the free gas into the soil mass as a direct effect on the lack of 





This research aims to numerically evaluate the tip resistance of 𝐶𝑃𝑇 tests including 
the effect of the free gas trapped in the soil mass. It is intended to give a conclusion of why 
the penetration resistance measured on the field does not increase after a blast 
densification event. The generated numerical results will be compared and validated with 
laboratory and field performance data obtained from a blast zone at the Oakridge Landfill 
site located outside Charleston, SC, USA. 
1.2 Objectives of the Research 
The main objective of this research is to numerically evaluate the effects of free gas 
trapped in the soil mass densified with explosives, on the tip resistance of 𝐶𝑃𝑇 tests. This 
research aims to provide an explanation for the decrease or lack of improved penetration 
resistance observed on a 𝐶𝑃𝑇 test conducted on a granular soil deposit densified with 
explosives. 
The specific objectives of this work included: 
i) Calibrate constitutive model soil parameters, reproducing laboratory testing 
results on reconstituted saturated and gassy sand specimens. 
ii) Develop a numerical model in the finite element commercial software PLAXIS 
2D to simulate the 𝐶𝑃𝑇 test tip resistance for different sand densities and 
confinement stresses. 
iii) Vary the pore fluid compressibility on the proposed model to study the effects 
of occluded bubbles on the response of 𝐶𝑃𝑇 tip resistance. 
1.3 Content of Thesis 
This thesis comprises six chapters including the Chapter 1 explaining the problem 
statement and the main objectives of the present investigation. 
Chapter 2 presents the technical background related to this investigation. Cone 
penetration test, blast densification description, quality and control of blast densification 
with cone penetration test, gassy soil concept and mechanical behavior, compressibility of 
pore fluid and cavity expansion theory on 𝐶𝑃𝑇 modeling are included. 
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Chapter 3 presents the case study of the blast densification program conducted in 
the years 2003 to 2004, 2011 and 2013 at the Oakridge Landfill. Principal soil characterizes, 
index properties of the layer where blasting was employed and the results of monitoring 
programs (i.e., ground surface settlements, cone penetration test and gas concentration 
into the soil structure after blasting) are described. In addition, the laboratory 
experimentation program performed by Vega-Posada (2012) to determine the shear 
resistance of saturated and gassy medium to dense sands is discussed. 
Chapter 4 describes the constitutive soil model that was used in this research to 
model the behavior of the black sand and evaluate effects of free gas on the tip resistance 
obtained with 𝐶𝑃𝑇. First the background of hypoplastic soil model for cohesionless soils 
and the determination of the corresponding input parameters is presented. Then, the 
verification and validation of the input parameters based on simulation of laboratory tests 
is included. 
Chapter 5 presents the results of the PLAXIS 2D numerical analyses that simulate 
cone penetration in a soil mass assuming the spherical cavity expansion method. The 
effects of the free gas trapped in the soil mass on the penetration resistance of CPT are 
also presented comparisons between the obtained numerical results and the field 
performance data from the case study are also discussed. 
Chapter 6 summarizes the conclusions from this research and makes some 





2. Technical Background 
This chapter presents a brief description of Cone Penetration Test and blast 
densification. Followed by a review of previous studies where a lack of increased resistance 
with cone penetration test was observed after densify soil with explosives is made. 
The gassy soil concept and the effect of gas in the mechanical behavior of the soil is 
described. Finally, compressibility of pore fluid and cavity expansion theory on CPT 
modeling are included.  
2.1 Cone penetration test 
Cone penetration test (𝐶𝑃𝑇) is a field test used to identify subsurface conditions and 
determining geotechnical soil properties from the cone penetration tip resistance, 𝑞𝑐, and 
sleeve friction. In general, CPT in comparison with the standard penetration test (SPT) has 
the advantages to provide a continuous record of the ground conditions, requires less time 
of execution and give a high degree of accuracy and repeatability in tip and sleeve 
resistance measurements. These measurements are directly related to the density of a 
particular soil (Kulhawy and Mayne 1990). Hence, this field test is used to evaluate the 
potential for soil liquefaction, and determinate how much densification a soil has gained 
following ground improvement works. 
2.2 Blast densification 
Blast densification (𝐵𝐷) is known as an economical alternative to improve the density 
of saturated granular soils susceptible to liquefaction and flow. This technique has been 
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implemented all around the world since 1930. Several field and laboratory testing have 
been conducted to understand the basic mechanisms behind this technique. (Ashford et al. 
2004; Camp et al. 2008; Dowding and Duplaine 2004; Dowding and Hryciw 1986; Gohl et 
al. 2000, 2009; Narsilio et al. 2009; Rollins and Anderson 2008; Solymar 1984).  
The main purpose of the BD is to induce liquefaction in the target loose sand layer to 
rearrange the soil particles into a denser and more stable conditions. This is achieved by 
conducting a sequential detonation of explosives buried in the saturated loose cohesionless 
layer, where a cyclic load and amount of gas are released by the energy liberated after 
blast. These generate increases in the pore fluid pressure decreasing the vertical effective 
stress until complete loss of shear resistance. The soil particles rearrange into more 
compact soil structure once pore fluid has dissipated. 
Figure 1 illustrated the fate of gases released after ANFO detonation during BD. Most 
of gas released during detonation are water vapor, 𝐻2𝑂, which rapidly condense for the 
cooling surrounding groundwater, carbon dioxide, 𝐶𝑂2, which has a high solubility and 
dissolve heavily faster into the groundwater and Nitrogen, 𝑁2, which remains trapped in 
free form in the soil mass for long periods. These gases, 𝐶𝑂2: 𝑁2: 𝐻2𝑂, are released at the 
Oakridge Landfill in the approximate ratio of 1:2:4 (Gallant 2014).  
 
Figure 1. Typical fate of gases released by detonation of explosives (After Hryciw 1986). 
Hence, the 𝑁2 is the main gas existing in free form into the pore fluid of the improved 
soil mass with BD. This, combined with the hypothesis that the presence of free gas 
contributing to the lack of increased resistance observed during CPT tests post- blasting, 
indicated that the most contributing gas to affect the increase of tip resistance of cone 





2.3 Case History of Blast Densification at the Oakridge 
Landfill 
The data collected in this study came from the blast densification programs performed 
during the last fifteen years at the Oakridge Sanitary Landfill. It is located at 2175 Highway 
78 in Dorchester County, 66km at the northwest of Charleston, South Carolina, USA. as 
shown in Figure 2. 
 
Figure 2. Oakridge sanitary landfill site location (source: Google Earth 2016). 
To evaluate the effect of blasting on a loose sand deposit, GeoSyntec Consultants, 
Inc. conducted a pilot blasting program in 1998 where a surface settlement between 0.15m 
and 0.46m was recorded after blasting. These results indicated densification within the 
target layer and thereby an increase in stiffness and strength was expected. However, the 
outcomes of a monitoring program performed post blasting using Cone Penetration Tests 
(CPTu) did not reflect any improvement in strength. In view of these contradictory results, 
several instrumented blasting programs have taken place to get broad data of the soil 
behavior before and after blasting (Gallant 2014; Vega-Posada 2012). 
Figure 3 presents a plan view of the ground improvement zones at the Oakridge 
Sanitary Landfill where blast densification was conducted between 1998 and 2013. Areas 
A and B were blasted in the pilot program in 1998; Area C was blasted between November 
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2003 and August 2004; Zones 1, 2, 3, 23, 24 and 25 were blasted in 2005; Zones 4, 5, 19, 
20, 21 and 22 were blasted in June 2007; Zones 15A, 15B, 16 17 and 18 were blasted 
between February and March 2011; Zones 6 and 7 in April 2012; and zones 8, 9, 10, 11, 
12, 13 and 14 in March 2013. 
 
Figure 3. Blasted Zones at the Oakridge Sanitary Landfill until March, 2013 (adapted from 
Gallant 2014). 
2.3.1 Geology of the zone  
According with Weems et al. (2014), the tested site is located on a barrier island 
(Qwws) that belongs to the Waccamaw formation. It was formed during the Quaternary 
period, more exactly during the lower Pleistocene epoch where sediments deposited 
around 1.2 million of years ago (Ma). The Waccamaw formation is mainly composed by 
reddish-brown to dark yellowish quartz sands reaching as much as 9.1 m (30 ft.) in 
thickness. Underlying the Waccamaw formation, in the direction of Four Hole swamp, are 
the Raysor (Nr) and Ashley (Pa) formations as shown in Figure 4. The figure also presents 






Figure 4. Surficial and subsurface geologic conditions at the Oakridge Landfill (adapted 
from Weems et al. 2014). 
The targeted layer during the blast densification programs at the Oakridge Landfill 
forms part of the Raysor formation, which was deposited amid the upper Pliocene about 
3.0 Ma. (Weems et al. 2014) characterized the material as a gray to black, fine to medium 
quartzose sand with a thickness of approximately 4.3 m. Hogan (2014) described that the 
dark color in this formation originates from decomposition of organic matter (i.e humate) 
and gets strong with depth. This suggested that organic matter has established between 
the Raysor and Ashley Formations. 
The Ashley formation is the oldest material encountered on the zone and is locally 
known as the Cooper Marl. It consists of dense, light olive-brown fine grain phosphatic 
calcarenite that was deposited during the lower Oligocene about 29 Ma in an open marine 
shelf environment. This unit reaches a thickness of about 38 m (Weems et al. 2014). 
The region around the Oakridge Landfill has a high potential for seismic activity. Dura-
Gomez and Talwani (2009b) indicated the presence of active faults near Charleston, SC.. 
Figure 5 shows that the tested site is located approximately 20 to 30 km west of the 
Woodstock fault and 18 to 29 Km North of Sawmill Branch fault. 
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Figure 5. Fault locations near Charleston, SC (adapted from Dura-Gomez and Talwani 
2009a). 
2.3.2 Subsurface conditions 
A typical soil profile at Area C and Zone 11 in the tested site is presented in Figure 
6. The general stratigraphy of the site is composed by five layers. The Waccamaw formation 
is found at the ground surface elevation and extends about 7.5 m in depth. It consists of 
dense to medium fine silty sand between 0 and 2.5 m followed by a 1m-thick-layer of 
clayey/silty sand and a 4 m-thick-layer of dense fine-medium sand. Below the Waccamaw 
formation, at an elevation of about 23.5 m and with a thickness between 4.0 and 4.5 m, a 
loose fine black sand, known as the Raysor formation, is encountered. Underlying the 
above sand deposit is a fossiliferous layer knows as Cooper Marl which is characterized for 
olive gray stiff clays and silts with an average thickness of 30 m. The water table (i.e., Zw) 






Figure 6. Typical soil profile at the Oakridge Landfill: a) between 2003 and 2004 (after 
Narsilio et al. 2009); and b) at Zone 11 in 2013 (After Gallant 2014). 
This study emphasizes on the liquefiable soil layer found at depths between 7.50 
and 12 m below the ground surface. These depths are consistent with ground elevations of 
23.5 and 19.5 m, respectively at Zone 11. The material found at these elevations is a gray 
to black, loose fine sand with low to none content of fines. The grains present an angular 
shape as shown in Figure 7. 
 
Figure 7. Black sand grains: a) retained on the sieve #100 (after Narsilio 2006); and b) 
retained on the sieve #40 (after Hogan 2014). 
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Figure 8 presents the grain size distributions of black sand samples collected in 
2003, 2011 and 2013. Note in the figure that a similar gradation is obtained for all samples, 
where the main part of the material is a fine sand with 90% by weight of the material passing 
the sieve #40 and less than 7% by weight passing the #200 sieve. The average coefficients 
of uniformity and curvature were 1.48 and 0.99, respectively, indicating that the black sand 
deposit is as a poorly graded clean sand (SP) based on the Unified Classification System 
(USCS). 
 
Figure 8. Grain size distribution of the loose black sand: a) Samples collected in 2003-
2004 and 2011(adapted from Vega-Posada 2012); and b) samples collected in 
2013.(adapted from Hogan 2014). 
Other index and mechanical properties based on the laboratory characterization 







Table 1. Index and mechanical properties for the loose black sand (taken from Gallant 
2014; Knai 2011; Narsilio et al. 2009). 
Index Properties Interval values 
Specific Gravity, Gs 2.65 – 2.67 
Minimum dry unit weight, dmin (kN/m3) 12.5 – 12.95 
Minimum void ratio 0.52 – 0.58 
Maximum void ratio 1.01 – 1.096 
Initial void ratio 0.97 – 0.88 
Water content, w% 28.9 - 31.4 
Permeability, k (cm/seg) 1.5x10-5 - 7x10-3 
Relative density 15 -30 
Compression index, Cc 0.0347 – 0.0528 
Recompression index, Cr 0.0021 – 0.0036 
2.3.3 Quality and Control of Blast Densification with Cone 
Penetration Test. 
There are different methods to evaluate the effectiveness of blast densification in 
decreasing the susceptibility to liquefaction of loose saturated cohesionless soil. Among 
these methods are the measurement of ground surface and subsurface settlements to 
validate the increase in soil relative density, and field tests such as the Standard 
Penetration Test (SPT), Cone Penetration Test (CPT) and Shear Wave Velocity Test (Vs) 
to determine the soil increase in strength and stiffness.  
It is believed that after ground surface settlements are completed, the penetration 
resistance of the soil will increase as measured by in-situ tests such as SPT, CPT. However, 
case histories have shown that the penetration resistance does not increase after blasting 
even though a significant amount of settlement is measured at the ground surface. (Camp 
et al. 2008; Charlie et al. 1992; Gallant 2014; Liao and Mayne 2005; Narsilio 2006; 
Thomann and Hryciw 1992). Other studies have indicated a time-delay of increase in the 
14 Numerical simulations of cone penetration test in loose sand densified by blasting 
 
strength of the improved soil, where an improvement in resistance is observed several 
years after treatment. (Ashford et al. 2004; La Fosse and von Rosenvinge 1992; Gohl et al. 
1998; Narsilio et al. 2009; Rollins and Anderson 2008; Solymar 1984). 
This research concentrates only on the outcomes obtained through evaluations 
based on CPT test. The data that will be validate later in this thesis was collected during 
different blasting events conducted in the Oakridge Landfill site. The blast densification 
programs were conducted to evaluate the soil response during blasting. They were 
complemented by a monitoring program that included measurements of surface 
settlements throughout the blasting sequence and Cone Penetration Test (𝐶𝑃𝑇) sounding 
before and after each blasting to estimate in-situ strength and evaluate the effectiveness of 
the blasting program.  
The blasting programs performed in 2011 and 2013 included BAT probe soundings 
to collect ground fluid/gas samples to identify the type of gas released during blasting and 
their in-situ concentrations; it was also used to evaluate the pore pressure response during 
each blasting event. For more information of this probes refer to Christian and Cranston 
(1997), Rad and Lunne (1994) and Premchitt et al.(1992). 
Narsilio et al. (2009) presented the development of tip resistance over time, as results 
of the blast densification program performed between 2003 and 2004 at the Oakridge. The 
evolution of the tip resistance through each blast is presented in Figure 9. This shows that 
no less than 1032 days passed after the last detonation to perceive a little improvement on 
tip penetration resistance with respect to the pre-blast values and only in the lower part of 
the blasted region. Narsilio et al. (2009) attributed this behavior to the redistribution of soil 
grains and change in horizontal stress experimented up to the blast, and the restricted 






Figure 9. Profiles of tip resistance a.19 days after first blast, b. 5 days after second blast, 
c. 43 days after fourth blast and d. 484 and 1034 days after fourth blast at the tested area 
(After Narsilio et al. 2009). 
A total of twelve CPTu soundings were conducted at zones 15A, 15B, 16, 17 and 
18 before the blasting program carried out at the Oakridge landfill between February and 
March 2011. The results of the CPT soundings (see Figure 10) shown a thickness of loose 
black sand layer between 3.5 and 4.1 m. Tip resistance values at the loose sand layer 
ranged from 1.4 to 2.9 MPa. Ground surface settlements measured before and after each 
blast indicate an average maximum settlement between 0.4 and 0.5 m for all zones at the 
end of treatment. CPTu soundings were not performed after the blast events. 
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Figure 10. Tip stress profiles of pre-blast CPTu sounding in zones 15A, 15B, 16, 17 and 
18 (after Vega-Posada, 2012). 
This monitoring program, as mentioned earlier, included the use of the BAT probe 
system. Pore fluid was sampled using precharged and vacuumed containers, which were 
tested to determinate concentrations in the soil pore fluid, either in free or dissolved form, 
of carbon dioxide (CO2), carbon monoxide (CO), oxygen (O2), nitrogen (N2) and methane 
(CH4). Gas concentrations varied by either applying vacumm to the container or by flushing 
and pre-charging the container. However, in accordance with the results reported by Vega-
Posada (2012) for both techniques, N2 was the only gas found occluded and contributing 
to reduce the degree of saturation of the soil. Nitrogen concentration in the tested layer 
ranged from 72.2% to 79.8% and from 5% to 8.5%, when vacuumed container and pre-
charged containers were used, respectively. 
A research carried out by Gallant (2014) in March 2013 at the Oakridge Landfill, 





zone 11, some CPT soundings performed after blast indicates a decrease in tip resistance 
against pre-blast probes (see Figure 11). Gallant (2014) suggested that this response can 
be related by boundary effects such as arching or stress redistribution, which could cause 
a reduction in stress level within the black sand after the blast. Presence of free gas in the 
pore voids was also associated with the no increase in tip resistance observed during post-
blast CPT soundings. This was explained by the positive excess pore pressure developed 
around the cone which indicated an undrained or partially undrained condition related with 
decrease in the sand permeability caused by the densification of the layer. 
 
Figure 11. Comparison of post-blast CPT located along the perimeter of blasted zone 
with pre-blast soundings (After Gallant 2014). 
2.3.4 Laboratory Experimental Program 2011 
A laboratory testing program was conducted to estimate the impact of gas on the 
mechanical behavior of medium to dense sand during monotonic and cycling loading by 
Vega-Posada (2012). The laboratory program included forty-five triaxial compression tests 
and twenty-one one-dimensional constrained compression tests (oedometer tests) to 
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quantity the soil response as a function of void ratio and evaluate the effects of variations 
in the degree of saturation because of volume changes induced by basting. 
Herein, only eight oedometer tests conducted on sand samples collected at zone 18 
in the 2011 blasting program and fifteen triaxial compression tests under monotonic loading 
on samples with difference initial void ratio and various degrees of saturation are presented. 
These tests were employed to identify the parameters for an “advanced” constitutive soil 
model that can adequately represent the response of the field deposit before and after 
blasting. 
Oedometer tests were performed on dry samples prepared at target dry densities 
between 1.3 and 1.55 gr/cm3. These tests were conducted to evaluate the 1D soil response 
before and after each blast event. The oedometer tests results are presented in Figure 12. 
 
Figure 12. One-dimensional constrained compression results of samples collected in 
2011 (after Vega-Posada, 2012). 
Triaxial tests were conducted in saturated and gassy samples. The specimens were 
anisotropically consolidated to a vertical effective stress, 𝜎′1, of 136 kPa and a horizontal 
effective stress, 𝜎′3, of 82 kPa and then shared under drained or undrained conditions. 





between 75 and 98 % obtained after consolidation were tested. It is assumed that the 
existing tests represent the different field conditions before and after blasting. 
Figure 13, Figure 14 and Figure 15 present the triaxial responses in terms of 
deviatoric stress, pore pressure and volumetric strain vs axial strain and the stress paths of 
the anisotropically consolidated triaxial compression test under drained and undrained 
conditions for saturated and gassy medium to dense sand. 
The stress invariants reported herein are the normal effective stress, 𝑝′, and 











′ correspond to the axial effective stress and 𝜎3
′  to the confinement effective stress. 
 
Figure 13. Deviatoric stress, pore pressure and volumetric strain vs axial strain and 
stress path for triaxial test sampling with a eaverage=0.83 (adapted from Vega-Posada 
2012). 
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Figure 14. Deviatoric stress, pore pressure and volumetric strain vs axial strain and 
stress path for triaxial test sampling with a eaverage=0.78 (adapted from Vega-Posada 
2012). 
 
Figure 15. Deviatoric stress, pore pressure and volumetric strain vs axial strain and 






In general, the test results indicated that the presence of gas in medium dense to dense 
sands affects the shear strength changing it from undrained to drained conditions. This 
tendency is explained by the observed reduction in negative excess pore pressures and 
volumetric changes with increasing pore fluid compressibility. It causes the reduction in the 
effective stress and therefore reduction of strength and stiffness as presented in Figure 13, 
Figure 14 and Figure 15, where the peak deviatoric stress decreases as the degree of 
saturation decreases. This effect is larger as the soil become denser. 
2.4 Gassy Soils 
Nageswaran (1983) and Sobkowicz (1982) refer a gassy soil as a kind of unsaturated 
soil which is composed by a structure of solid particles saturated with pore fluid that contains 
a large amount of gas. This gas can exist in the pore fluid in a dissolved form or in a free 
state. The present study is limited to a soil structure with occluded gas bubble. Barden and 
Sides (1970) stated that gas in a free state can form only if a high degree of saturation 
exists. Sparks (1965) indicated that the critical saturation level for this to happen is about 
85%, which is consistent with Nageswaran’s investigations. However, Wheeler (1986) 
suggested that the critical degree of saturation may slightly differ for different soils. Recent 
investigation develop by Gallant (2014), Pietruszczak and Pande (1996) and Mihalache 
and Buscarnera (2016) considers the degree of saturation for gassy soils will always be 
greater than 80% and up to 90% respectively, because represents much better the behavior 
of this type of soil, leading the compression of the pore fluid and volume change during 
different loading conditions. 
When the degree of saturation is high, Wheeler (1986) describes that the structure of 
a gassy soil varies according with the dimensions of the gas bubbles and soil particles. For 
coarse grain materials, the bubbles are smaller than the particle grain size and remains as 
an occluded bubble inside the pore fluid without alteration of the soil matrix. The opposite 
happens when bubbles are bigger than particles, where gas bubbles generating voids filled 
with it mobilize particles skeleton. Figure 16 shows the gassy soil structure of a coarse and 
fine soil. 
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Figure 16. Soil structure: a) Small bubbles in coarse grained soil and b. small bubbles in 
fine grained soil (after Wheeler 1986). 
Previous studies have suggested that the magnitude of the suction developed by 
granular materials with occluded gas bubbles (i.e., gassy sand with degree of saturation 
from 75% to 100%) is small and can be considered as negligible for practical purposes. 
Therefore, the principal effective stress concept for saturated soil is valid for the analysis of 
gassy sands (e.g. Gallant 2014; Grozic et al. 2005; Grozic 1999; Mihalache and Buscarnera 
2016; Vega-Posada 2012; Vega-Posada et al. 2014). Hence, the classical equation of 
effective stress proposed by Terzaghi (1923) was used to determinate the initial state of 
stresses in the soil mass with and without the presence of occluded gas bubbles. The 
equation is detailed as follows: 
where: 𝜎′ is the effective normal stress, 𝜎 is the total normal stress and 𝑢𝑤 is the pore-fluid 
pressure. 
2.4.1 Mechanical Behavior of Gassy Sands 
The main consequences observed into the soil behavior when gas bubbles are 
added in the pore fluid are the generation of excess pore pressures under drained 





conditions and the volumetric changes experienced in undrained conditions during shear, 
which is contrary to the conventional definitions of drained and undrained conditions. This 
behavior is explained by the increase in pore fluid compressibility caused by the presence 
of gas in the soil structure (Sparks 1965). 
Several studies have shown that the presence of large amount of gas in the pore 
fluid affects, in terms of stiffness and strength, the mechanical response of soil during 
monotonic and cyclic loading. (e.g. Dusseault 1979; e.g. Grozic et al. 1999; Nageswaran 
1983; Okamura and Soga 2006; Rad et al. 1994; Rad and Lunne 1994; Sobkowicz 1982; 
Thomas 1987; Vega-Posada 2012; Xia and Hu 1991). This study will describe some of 
those previous investigations, and focus on the mechanical behavior of granular soils under 
monotonic loading. 
Sobkowicz (1982) examined through laboratory experiments the equilibrium 
behavior of gassy soils under undrained boundary conditions. Samples with different 
amounts of gas where tested. Observations according with the results indicated that soils 
with a large quantity of gas (i.e., gassy soils) can reach zero effective stress before total 
stress does, causing the decreases of strength in a short term. This was the opposite to the 
behavior of soil with small amount of dissolved gas (i.e., unsaturated soil), where high 
values of effective stress are preserved due to the low pore pressure developed during 
shearing. 
Also, Rad et al. (1994) conducted monotonic triaxial compression tests on sand 
specimens with densities over 45%. These samples were saturated with methane and 
carbon dioxide saturated water to represent dense sand specimens with free form or 
dissolved gas. The results showed a decrease in soil shear strength due to the volumetric 
change and pore pressure exhibited under undrained conditions during the shearing stage. 
This reduction of undrained shear strength was relatively similar in comparison with the 
specimens with free gas, having a lower value the samples with occluded bubbles. 
Grozic (1999) conducted various monotonic triaxial compression tests under 
undrained conditions on loose gassy sand samples prepared with different initial degrees 
of saturation. This investigation indicated, contrary to the dense gassy sands study 
conducted by Rad et al. (1994), that the resistance to liquefaction of loose sands is affected 
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by the degree of saturation, which is function of the amount of free gas present in the soil 
structure. The specimens with an initial degree of saturation between 80% and 86% 
experimented strain hardening in the stress-strain response and which no liquefaction 
occurs; in contrast, samples tested with a degree of saturation above to 90% showed a 
completely strain softening response and susceptibility to liquefaction, as shown in Figure 
17. 
 
Figure 17. Stress-Strain response for different triaxial compression test in loose gassy 
sand specimens (adapted from Grozic 1999). 
Vega-Posada (2012) performed several undrained anisotropically consolidated 
triaxial compression test on medium dense to dense saturated and gassy reconstitute 
samples. This indicated that the presence of gas into the system reduce the undrained 
shear strength of the samples specially for denser specimens with a low degree of 
saturation. The samples tested also presented a lack in the excess pore pressure 
generation in accordance with the loss of undrained strength. Stress path of all samples 






2.5 Compressibility of Pore Fluid 
The presence of free gas in the pore fluid of soil significantly increases the pore fluid 
compressibility and implies a decrease in the bulk modulus of the pore fluid, which affects 
the mechanical behavior of the soil skeleton tested under undrained conditions. 
This behavior can be explained considering a system completely saturated where the 
soil particles have a coefficient of compressibility smaller than that of the pore fluid. For this 
case, under undrained conditions any decrease in total stress is manifested as a decrease 
in pore water pressure. But, when a gas is included into the system, the reduction in pore 
pressure results in the exsolution of gas, which can increase the pore fluid compressibility 
by many orders of magnitude causing the majority of the decrease in total stress moved to 
the soil skeleton (Mabrouk 2012; Sobkowicz and Morgenstern 1984). 
Fredlund (1976) used the classic concepts of conservation of mass and gas laws 
(Boyle’s and Henry’s laws) to define the compressibility of miscible gas/fluid mixtures on 
the pore fluid phase of unsaturated soils. Fredlund proposed the following equation: 







where, the first term accounts for the compressibility of the water and degree of saturation 
(𝛽𝑤 and 𝑆), the second term for the compressibility of the free gas and the third term for the 
amount of gas that can go into solution. ℎ = Henry’s solubility constant, 𝑢𝑎 = absolute pore 
air pressure and 𝐵𝑎𝑤 = pore pressure parameter. The 𝐵𝑎𝑤 pore pressure parameter should 
always be lower than 1 for undrained loading, becoming equal to 1 as the air bubbles 
become occluded. 
2.5.1 Gassy Soils behavior on Finite Element Models 
The effect that the presence of exsolved gases in the pore space has on the 
geotechnical behavior of the soil, has been represented in many ways in the FEA. Modeling 
approaches could range from to assigning an artificially low bulk modulus to the soil 
elements defined in the gassy soil zone of the finite elements mesh. A similar approach is 
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adopted by Mabrouk (2012; 2011) to introduce gassy soil behavior during “undrained” 
unloading to Abaqus finite element software. 
The soil is modeled having incompressible solid grains and a relatively compressible 
phase representing the pore fluid imbued with soluble gas. The model assumes the gas to 
be present in the form of occluded bubbles within the pore fluid. Surface tension of the 
bubble is ignored and hence gas bubble pressure is assumed to equal fluid pore pressure. 
2.6 CPT Numerical Modeling with Spherical Cavity 
Expansion Method 
The cavity expansion theory is a classical method to determinate the limit pressure 
required to expand a cavity in an infinite medium. This has been used for long time in the 
analysis of geotechnical problems such as the bearing capacity of deep foundations or 
interpretation of in situ tests such as pressuremeter and CPT tests (Chang et al. 2001; 
Collins and Yu 1996; Gavin 2010; Randolph et al. 1994; Salgado et al. 1997; Salgado and 
Randolph 2001; Sun Jie 2012; Susila and Hryciw 2003; Suzuki 2010; Tolooiyan and Gavin 
2011; Yu et al. 1996). 
Cavity expansion problems may be divided into two types: cylindrical cavity, based 
on expand a cavity with a finite initial radius continually related with presuremeter test  and 
a spherical cavity which is describe initially by the creation of the cavity and subsequent 
expansion usually employed for interpretation of cone resistance (Collins and Yu 1996; 
Salgado and Randolph 2001; Yu and Houlsby 1991). 
The basic assumptions to solve the cavity expansion problem can be represented 
with an initial cavity with radius of 𝑎0 that is expanded to 𝑎, with the increasing of cavity 
pressure from 𝜎0 to 𝜎𝑎 as shown in Figure 18 (a). The result of the analysis is the cavity 






Figure 18. a) Cavity expansion model (adapted from Cao et al. 2001) and b) Cavity 
pressure-expansion curve (adapted from Mo 2014). 
The value of  𝑃𝑙𝑖𝑚𝑖𝑡 from spherical cavity expansion can be determined analytically 
or numerically depending on the soil models employed. In this investigation the relation 
developed by Cudmani and Osinov (2001) will be implemented. 
2.6.1 Case History in the Use of Hypoplastic Model for Granular 
Soils to CPT Numerical Modeling with Cavity Expansion 
Cudmani and Osinov (2001) presented a semi-empirical method for the 
interpretation of CPT results with the hypoplastic constitutive equation based on closed 
form to the spherical cavity expansion problem. A spherical cavity with an initial radius is 
expanded in a hypoplastic continuum until a constant expansion pressure is reached. The 
limit pressure for the hypoplastic model depends on the initial state of the material and the 
effective mean pressure. 
Cudmani and Osinov (2001) conducted numerical simulation of the spherical cavity 
expansion for several initial conditions for five sand, that were evaluated with the CPT 
calibration chamber testing results. Figure 19 present the expansion pressure for a Ticino 
Sand. 
28 Numerical simulations of cone penetration test in loose sand densified by blasting 
 
 
Figure 19. Simulation results of: a) spherical cavity expansion and b) calibration chamber 
on Ticinno Sand 
As a result of the similarity found in both results a relationship between cone 
penetration test end resistance, 𝑞𝑐, and 𝑝𝑙𝑖𝑚𝑖𝑡 in function of a so- called shape factor 𝑘𝑞 was 
propose: 
𝑞𝑐 = 𝑘𝑞(𝐼𝐷)𝑝𝑙𝑖𝑚𝑖𝑡(𝑝0, 𝐼𝐷) (5) 
The shape factor has been evaluated for five sands with the use of the experimental data 
on CPT in calibration chambers and the corresponding solutions to the cavity expansion 
problem. It is found that all considered sands exhibit a common shape factor as a function 
of the relative density defines as  𝐼𝐷 So the shape factor 𝑘𝑞 is gived by: 










3. Constitutive Soil Model, Parameter 
Identification and Model Validation  
This chapter presents the numerical evaluation of a hypoplastic constitutive soil model 
to reproduce the response of loose liquefiable black sand under drained and undrained 
triaxial conditions and to capture gassy soil behavior by employing only one set of 
parameters. The tensorial formulation proposed by von Wolffersdorff (1996) enhanced with 
the intergranular strain concept added by Niemunis and Herle (1997) allows the simulation 
of these type of behaviors. 
This chapter is divided in two parts. In the first part, a general definition of the 
hypoplastic constitutive model and some historical remarks on the development of the 
constitutive law are presented. It also describes the constitutive equation used in this 
research, in addition to the small strain extension added to the basic model by Niemunis 
and Herle (1997). The parameters influence and identification for the basic and extended 
models are explained as well. The second part of the chapter shows the evaluation of the 
hypoplastic constitutive model and parameters based on the comparisons with 
experimental tests conducted on medium to dense reconstitute saturated and gassy 
samples. 
The simulations presented in this chapter were performed using the commercial Finite 
Element software PLAXIS 2D, version 2016. Pore fluid compressibility is modified to 
account the presence of free gas into the soil structure and its effect on strength, pore 
pressure generation and volume change. 
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3.1 Hypoplastic Model for Granular Materials 
The hypoplastic model uses a constitutive relation developed on the framework of 
hypoplasticity principles and critical state soil mechanics, to reproduce nonlinearity stress-
strain behavior of granular materials (Kolymbas 1985).  The hypoplasticity concept, as 
opposed to the conventional elastoplastic, does not consider complex definitions of yield 
surface, flow rule, hardening rule or plastic potential function in its formulation. The basic 
model does not differentiate the elastic from the plastic deformations. Hypoplastic sand 
model is defined by a single tensorial equation able to represent several stress paths, 
changes in stiffness and shear strength based on stress and density. 
One of the first definitions of a hypoplastic constitutive model was provided by Wu 
and Kolymbas (1990) at Karlsruhe University. They proposed a non-linear tensorial function 
incremental form to describe the stress-strain behavior of an inelastic material. It was 
written as a function of the stress tensor and the strain rate. The original model was not 
appropriate for complex loading paths and large variations of stress levels. It also did not 
capture strain softening, non-linearity between the tangential stiffness and the dependence 
of the friction angle with the stress level. Nevertheless, these and other limitations were 
overcome by incorporating of the critical state concept into hypoplasticity (Wu 1992; Wu et 
al. 1996; Wu and Bauer 1994). 
Later, refinements in the hypoplastic constitutive law were developed. Gudehus 
(1996) formulated a general constitutive equation, with relatively easy determination of 
material parameters, where the void ratio was implemented as an additional state variable 
to describe state changes in the granular material. This equation accounted for properties 
such as hypoplasticity, barotropy (i.e., pressure-dependent), pycnotropy (i.e., density-
dependent), argotropy (i.e., velocity-dependent), unit invariance and separability; to 
properly reproduce cohesionless soil behavior within a wide range of densities, pressures 
and deformations. Bauer (1996) proposed a factorized representation of the general 
equation given by Gudehus (1996). This form permits the inclusion of new relations to 
describe various components of the model such as the critical state surface, the 
compression behavior and the barotropy and pycnotropy interaction. Von Wolfferdorff 
(1996), based on the general constitutive equation proposed by Gudehus (1996) and Bauer 
(1996), improved the mathematical formulation of the hypoplastic model by using a new 
tensorial function based on the Drucker/Prager model and the Matsuoka/Nakai yield 
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criterion. As a result, the asymptotic behavior of granular materials can be described with 
realistic friction angles and values for critical and limit states. Niemunis and Herle (1997) 
extended the hypoplastic model to surpass shortcomings in the simulation of cyclic loading 
paths by adding a small strain stiffness formulation, knows as the intergranular strain 
concept. 
For the present research, the hypoplastic constitutive equation developed by Von 
Wolffersdorff (1996), enhanced by the intergranular strain concept, is employed to model 
the behavior of the soil. This constitutive soil model is used along with the numerical finite 
element implementations in PLAXIS 2D (Gudehus et al. 2008). 
3.1.1 Constitutive Equation 
The mechanical behavior of granular materials is modeled by a hypoplastic 
constitutive equation of the non-lineal type that describes the current rate of stress as a 
combination of the void ratio, the stress tensor and the strain tensor of a continuous 
homogenous grain skeleton. The equation, in its most general form, is expressed as: 
?̇? = 𝑭(𝑻, 𝑒, 𝑫) (7) 
where ?̇? represents the stress rate tensor as a function, 𝑭, of the current void ratio, 𝑒, the 
actual stress tensor, 𝑻, and the deformation tensor, 𝐃. The void ratio is determined from 
(1 + 𝑒)𝑡𝑟𝐷. 
According to Von Wolffersdorff (1996), the modified constitutive equation given by 
Gudehus (1996) and Bauer (1996), in which the Matsouka-Nakai limit condition has been 




{𝐹2𝑫 + 𝑎2𝑡𝑟(?̂?𝑫)?̂? + ʄ𝑑𝑎𝐹(?̂? + ?̂?
∗)‖𝑫‖} (8) 
where ?̂? = 𝑻 𝑡𝑟 𝑻⁄  denotes the granulate stress ratio tensor and ?̂?
∗ = ?̂? −
1
3
𝑰 is the deviatoric 
of ?̂? and 𝑰 is the unit tensor. The factors 𝑎 and 𝐹 determine the critical state surface in the 
stress space; 𝑎 is a scalar dependent only on the critical friction angle,  𝜑𝑐, and is given by: 
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𝑎 =
√3 (3 − 𝑠𝑖𝑛 𝜑𝑐)
2√2 𝑠𝑖𝑛  𝜑𝑐
 (9) 










𝑡𝑎𝑛 𝛹 (10) 
where 𝑡𝑎𝑛𝛹 and 𝑐𝑜𝑠3𝜃 are invariants in the spaces of principal stress. The meaning of the 
angles is shown in Figure 20. 







Figure 20. Geometrical representation of the invariants 𝑡𝑎𝑛𝛹 and 𝑐𝑜𝑠3𝜗 in the space of 
principal stresses. (After von Wolffersdorff 1996). 
The influence of density is denoted by the pycnotropy factors 𝑓𝑑 and 𝑓𝑒. The factor 
𝑓𝑑 controls the transition to the critical state, the peak friction angle and the dilative behavior. 
The pycnotropy factor 𝑓𝑒 controls the influence of the void ratio on the incremental stiffness. 













where 𝛼 and 𝛽 are material parameters. 
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To take into account the influence of stress level on soil properties, the barotropy 









































where ℎ𝑠 and 𝑛 are model parameters, 𝑒𝑖, 𝑒𝑑 and 𝑒𝑐 are the upper limit, lower limit and 
critical void ratios, respectively, with, 𝑡𝑟𝑻 = −3𝑝𝑠. 
Figure 21 shows the possible void ratios as a function of pressure. Note that the void ratios 
reach the limit values 𝑒𝑖0, 𝑒𝑑0, and 𝑒𝑐0 at 𝑝𝑠 = 0, and approach zero for very high pressures. 
The grey zone corresponds to inadmissible states for simple grain skeletons. 
 
Figure 21. Relations between 𝑒𝑖 , 𝑒𝑐 , 𝑒𝑑 and 𝑝𝑠: a) in logarithmic scale b). linear scale. 
(after Herle and Gudehus 1999). 
3.1.2 Basic Model Parameters 
The basic hypoplastic model, as proposed by Von Wolfferdorff (1996), is controlled 
by eight parameters that allow a reasonably prediction of granular material behavior over a 
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wide range of stresses and densities. Table 2 presents a description of the input 
parameters for the basic constitutive model. 
Table 2. Parameters of the hypoplastic model. 
Parameter Description 
𝜑𝑐 Critical state friction angle 
ℎ𝑠 Granular hardness 
𝑛 Exponent for pressure-sensitive of a grain skeleton 
𝑒𝑑0 Minimum void ratio at zero pressure (𝑝𝑠 = 0) 
𝑒𝑐0 Critical void ratio at zero pressure (𝑝𝑠 = 0) 
𝑒𝑖0 Maximum void ratio at zero pressure (𝑝𝑠 = 0) 
 Exponent for the transition between peak and critical stress 
𝛽 Exponent for stiffness-dependence on pressure and density 
The procedure for the determination of material parameters is well described by Herle 
and Gudehus (1999). All parameters are closely related to properties of grain assembles, 
and can be estimated from granulometric properties of sand aside from standard elements 
test and simple index test. 
The friction angle at constant volume, 𝜑𝑐, is related to the critical state. This controls 
the shear strength of the soil at large strains and can be easily obtained from the angle of 
repose and from monotonic shear tests (e.g. triaxial or direct shear). In this research, 𝜑𝑐 is 
obtained from the position of the critical state line (𝐶𝑆𝐿) determined for five strain controlled 
undrained triaxial compression tests, which were anisotropically consolidated and 
conducted on reconstituted saturated loose black sand specimens (Vega-Posada 2012). 
These tests results are shown in Figure 22. 
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Figure 22. Results of undrained triaxial test on loose of critical specimens (after Vega-
Posada 2012). 
Figure 23. shows the effective stress paths with the position of the critical state line. 
The stress invariants reported herein are the normal effective stress, 𝑝′, and deviatoric 
stress, 𝑞, defined for axisymmetric conditions with the equation (1) and (2). The critical state 
friction angle for these tests is 30.6°. 
 
Figure 23. Stress path of undrained triaxial compression tests on loose black sand 
specimens (adapted from Vega-Posada 2012). 
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The granular hardness, ℎ𝑠, used as a reference pressure, influences the stiffness of 
the material while the exponent, 𝑛, relates the sensitivity of a granular skeleton to changes 
of pressure. Herle and Gudehus (1999) suggest for the determination of these parameters 
a compression test on a very loose sample. Isotropic compression test and oedometer test 
can be considered, however, the last one is often chosen since it is easier to perform. In 
this study, the calibration of ℎ𝑠, and 𝑛 was done by fitting standard oedometer test results 
via back substitution. The granular hardness reflects the slope of the compression curve 
and 𝑛 the shape of it.  
The oedometer test with a high initial void ratio, 𝑒0 = 0.973, was selected from the 
laboratory results presented by Vega-Posada (2012) on black sand specimens (see Figure 
12). The Jaky’s formula (1944) was adopted to calculate 𝑘0 and substituted the vertical 
stress, 𝜎𝑣





Considering a range of mean pressure from 𝑝𝑠1 = 12 𝑘𝑃𝑎 to 𝑝𝑠2 = 773 𝑘𝑃𝑎, and 
corresponding values of 𝑒1 = 0.94 and 𝑒2 = 0.77, and compression indexes 𝐶𝑐1 = 0.0188 











Parameter ℎ𝑠 is obtained for the values of 𝑝𝑠, 𝑒 and 𝑐𝑐 at the center of the oedometer 
test (see Figure 24), using the following equation taken from Herle and Gudehus (1999): 







The obtained values of ℎ𝑠 and 𝑛 are 132 Mpa and 0.32 respectively. 
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Figure 24. Determination of ℎ𝑠 and 𝑛 for a select pressure range. 
Comparisons between the model parameters 𝑒𝑑0 and 𝑒𝑐0 and the corresponding 
minimum, 𝑒𝑚𝑖𝑛, and maximum, 𝑒𝑚𝑎𝑥, void ratios reveals that these values are close to each 
other (Anaraki 2008; Herle and Gudehus 1999). Hence 𝑒𝑑0 and 𝑒𝑐0 can be taken equal to 
𝑒𝑚𝑖𝑛 and 𝑒𝑚𝑎𝑥 found from index test given by the standards ASTM D4254 (2016) and ASTM 
D4253 (2016), respectively. 
𝑒𝑖0 can be established as the maximum void ratio of a simple grain skeleton, which 
is reached during an isotropic consolidation of a grain suspension in a gravity free space. 
Since it is considered hard to obtain this parameter experimentally, a relation was assumed. 




1.2 𝑡𝑜 1.3. 
A first approximation of the model parameters 𝑒𝑑0, 𝑒𝑐0 and 𝑒𝑖0 are given in Table 3. 
Table 3. Hypoplasticity void ratios at zero pressure 
𝑒𝑑0, 𝑒𝑐0, 𝑒𝑖0, 
0.520 1.096 1.315 
Exponent  controls the evolution of the soil behavior between peak and critical 
stress. It is estimated by testing dense sample specimens under drained triaxial conditions. 
A first estimation of the parameter  can be obtained by graphical correlations given by 
Herle and Gudehus (1999), which has been observed that  remains in a narrow range 
between 0.05 and 0.30. As a first approximation  =0.15 is assumed  
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The constant 𝛽 represents the change of stiffness at current density. It can be 
estimated by comparing the stiffness modulus ratio of dense specimens in an oedometer 
test at different void ratios. 𝛽 is independent of granulometric properties and can be 
assumed as 1.0 for natural sands (Herle and Gudehus 1999). 
3.1.3 Intergranular Strain 
Niemunis and Herle (1997) introduced, an additional state variable called 
intergranular strain, 𝛿, in order to improve the performance of the basic hypoplastic model 
at the small strain level and to capture stiffness changes after changes in the direction of 
stress or strain path. This variable considers the deformation of an interface layer between 
soil particles. 
The intergranular strain variable is controlled by the most recent deformation history. 
The stiffness of the granular material at a given state depends strongly on the deformation 
history and the direction of deformation rate (i.e., the angle between 𝛿 and 𝐷) see Figure 
25. In general, when a change in the direction of strains exists, an increase of stiffness is 
developed. For a 180°strain rate reversal, the maximum values of stiffness appear (see 
Figure 25 a). If a large loading conditions are continued after sufficient proportional 
deformation, i.e., when 𝛿 takes the direction of 𝐷 (see Figure 25 c), the stiffness decreases 
progressively and the effect of the change in strain directions is called Swept Out of Memory 
(𝑆𝑂𝑀), i.e., the stiffness return to the value typical for monotonic paths. These changes of 
intergranular strain were demonstrated by Niemunis and Herle (1997) based on reported 
stiffness observations on different type of soils. 
 
Figure 25. Intergranular strains related with different deformation histories: a). 180° strain 
reversal; b) 90° strain reversal; and c) Fixed direction of deformation (after Niemunis and 
Herle 1997). 
The intergranular strain concept is included in the hypoplastic formulation by 
introducing five additional parameters. These parameters are listed in Table 4. The 
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parameters 𝑅, 𝑚𝑅 and 𝑚𝑇 have a clear physical meaning, and can be obtained from direct 
measurements. The remaining parameter 𝜒 and 𝛽𝑅 are constants that can be correlated to 
the rate of strain accumulation, such that the constitutive equation reasonably reproduces 
the hysteresis cycles of the stress-strain curve. 
Table 4. Parameters of intergranular strain. 
Parameter Description 
𝑅 Size of the elastic range 
𝑚𝑅 Stiffness increase for 180° strain reversal 
𝑚𝑇 Stiffness increase for 90° strain reversal 
𝜒 Material constant influences the evolution of the intergranular strain 
𝛽𝑅 Material constant represents stiffness degradation 
The parameter 𝑅 is the strain range in which the incremental stiffness remains 
constant, i.e., the elastic range size. Therefore, the magnitude of 𝛿 can not become larger 
than the 𝑅. The maximum value of this parameter can be found from stress-strain curves 
obtained either from dynamic test or from static test with strain path reversals. According to 
Kudella and Reul (2002), 𝑅 varies between 1x10-7 for very large grains to 1x10-3 for very 
small grains. Previous investigations in the use of hypoplastic model for cohesionless soils 
with intergranular strain suggested a value of 1x10-4 (Meier 2007; Niemunis and Herle 1997; 
Pham 2009; Tsegaye et al. 2000). 
The evolution of stiffness is modeled by the constants 𝑚𝑅 and 𝑚𝑇. These model 
parameters are stiffness multiplayer for a 180° and 90° strain reversals, respectively. They 
are described in the Figure 26. It shows the evolution stiffness degradations upon the 
change of strain path direction. For a 180° strain reversal, the material stiffness. 𝐸𝑅 = 𝑚𝑅𝐸0, 
has an elastic behavior, while a 90° strain reversal, leads to an increased stiffness, 𝐸𝑇 =
𝑚𝑇𝐸0, lower than the elastic and closer to the stiffness after long monotonic shearing, 𝐸0. 
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Figure 26. Characteristic of stiffness values for the model calibration (After Niemunis 
2003) 
To determine these parameters Niemunis and Herle (1997) recommend comparative 
test at the same state but with different recent deformation histories. According to others 
researches, 𝑚𝑅 and 𝑚𝑇 for granular materials usually take the values of 5 and 2 
respectively (Gallant 2014; Meier 2007; Niemunis 2003; Niemunis and Herle 1997; Pham 
2009; Tsegaye et al. 2000). 
The remaining parameters, 𝜒 and 𝛽𝑅, influences the degradation of stiffness. An 
increase in the value of 𝜒 increases the effect of 𝑚𝑅 over 𝑚𝑇 resulting in a higher stiffness. 
The opposite occurs with 𝛽𝑅 that with a low value overestimates the stiffness at higher 
stress levels. (Niemunis and Herle 1997) reported for granular soils that 𝜒 typically has 
values greater than 1 and  𝛽𝑅 can vary between 0.05 and 4. The definition of these two 
parameters requires complicated test procedures. In this research these values were 
obtained by fitting such that the extended constitutive equation reasonably reproduces the 
hysteresis cycles on the oedometer test. 
3.2 Calibration and Validation of the Model Parameters 
The performance of the model at small and large strain levels, based on a single set 
of parameters, is evaluated by comparing the results of numerical simulations and 
experimental responses from oedometer and anisotropically consolidated drained and 
undrained triaxial compression tests. The evaluation was based on experiments conducted 
on black sand saturated and gassy specimens. The numerical responses were obtained by 
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analyzing a boundary values representation of oedometer and triaxial compression tests in 
the finite element software PLAXIS 2D. 
To define the final set of hypoplastic model parameters, the sensitivity of the 
constitutive soil model to reproduce oedometric and triaxial responses was evaluated. The 
influence of those parameters was obtained by varying each parameter and keeping the 
others constant. The numerical responses were compared with oedometer and triaxial tests 
conducted on specimens of black sand under saturated and gassy conditions as presented 
in section 2.3.4. The parametric variation of intergranular strain parameters was also 
performed. The hypoplastic model parameters used in the analyses are presented in Table 
5.  
Table 5. Hypoplastic model final parameters with Intergranular strain 
𝝋𝒄 𝒉𝒔 (𝐌𝐩𝐚) 𝒏 𝒆𝒅𝟎 𝒆𝒄𝟎 𝒆𝒊𝟎  𝜷 𝑹 𝒎𝑹 𝒎𝑻 𝝌 𝜷𝑹 
31 200 0.28 0.58 1.1 1.3 0.25 1.4 1x10-4 5 2 1 0.4 
The set of parameters presented in Table 5 will be used in the following section and 
chapter to simulate the response of black sands under 1D compression and saturated 
drained and undrained triaxial compression tests. Additionally, the same parameters are 
used to model gassy black sand specimens under triaxial compression conditions and to 
simulate Cone Penetration Test (𝐶𝑃𝑇) before and after a blasting program. 
3.2.1 Simulation of Oedometer Tests 
Oedometer tests were modeled in an axisymmetric analysis of a boundary value 
element of square dimensions of 1 x 1 m. The soil was assumed to be weightless and 
therefore the dimensions considered did not influence the result. The left and right 
boundaries were normally fixed to simulate one dimensional constrained compression and 
the bottom boundary was fully fixed. To replicate the vertical loads applied during laboratory 
testing, the sample was loaded at the top with a 1m dummy layer. It also eliminated the 
problem of a zero initial stress state, which is not allowed in hypoplasticity (Gudehus et al. 
2008). The vertical stress was applied by varying the unit weight of the dummy layer. The 
incremental loading varied from 6.4 kPa to 3280 kPa. This allow loads beyond the maximum 
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past pressure. An unload-reload cycle was also included in the loading sequence. The 
employed numerical representation of the oedometer test is shown in Figure 27. 
 
Figure 27. Element to model oedometer test. 
Figure 28. Shows the comparison of computed and experimental results for six 
oedometer tests conducted on reconstituted samples of black sand. The laboratory 
experiments were reconstituted to initial void ratios varying between 1.046 and 0.712. Note 
that for loose specimens, i.e., the highest void ratios, the numerical simulations show a 
reasonable match against experimental responses. Larges discrepancies are observed for 
denser samples. In general, all the numerical responses present an adequate shape during 
primary loading, demonstrating a good estimation of parameters ℎ𝑠 and 𝑛. It must be 
mentioned that the intergranular strain parameters were calibrated to adequately simulate 
the reload portion of the oedometer test. 
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Figure 28. Experimental oedometer test results and numerical simulation with hypoplastic 
model on reconstituted samples for Black Sand with various densities. 
3.2.2 Simulation of Saturated Triaxial Compression Tests 
Triaxial compression tests were simulated using a similar boundary value 
representation as the oedometer model taking the left and bottom boundaries as lines of 
symmetry. The element model for the triaxial compression test is shown in Figure 29. For 
drained test simulations, the calculations were performed in two stages. In the first stage, 
the model was anisotropically consolidated to the estimated in situ stress conditions. A 𝐾𝑜-
value of 0.6 was used in the testing program performed by Vega-Posada (2012).. For this 
stage the left, right and bottom boundaries were normally fixed. In the second stage, the 
displacements were set to zero, the dummy layer was deactivated, and the sample was 
sheared under a constant displacement of the upper boundary (i.e., deformation controlled) 
while maintaining a constant confining stress on the right boundary. The top and right 
boundaries were free to move in all directions. 
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Figure 29. Boundary value representation of triaxial compression test: a) consolidation 
stage; and b) shearing stage. 
The computed stress-strain drained responses for reconstituted specimens of medium 
dense to dense black sand are compared on Figure 30 to the observed laboratory test 
results. The figure shows deviatoric shear stress-strain responses and the development of 
volume changes measured during the tests for four different target void ratios: 0.703, 0.715, 
0.782 and 0.817. Note that the computed response and shear strength for the medium 
dense samples (i.e., void ratios of 0.782 and 0.817) agree well with the experimental 
results. For dense specimens (i.e., void ratios below 0.75), the numerical model shows a 
stiffer response for axial strain levels above 3%. In general, for all the void ratios evaluated, 
the shear stress-strain response at strain levels below 1% and the volumetric changes were 
captured well by introducing the intergranular strain concept into the Hypoplastic model. 
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Figure 30. Saturated drained triaxial compression tests in Black Sand experimental 
results and numerical simulations with hypoplastic model. 
46 Numerical simulations of cone penetration test in loose sand densified by blasting 
 
For the undrained test simulation, the calculations during reconsolidation stage were 
the same as for drained simulations. For undrained triaxial compression shearing, the 
material was set in PLAXIS 2D as Undrained A, which defines stiffness and strength in 
terms of effective properties. Similarly, to drained simulations, the sample was sheared 
under a constant prescribed displacement of the upper boundary (i.e., deformation 
controlled) while maintaining a constant confining stress on the right boundary. 
 Figure 31 presents the computed and observed undrained triaxial compression 
responses for specimens of black sand reconstituted to void ratios of 0.706, 0.775 and 
0.841. Comparing with drained predictions, larger discrepancies between the observed and 
computed responses are obtained under undrained conditions. However, the hypoplastic 
sand model captures the general observed trend of medium dense to dense black sand. In 
terms of the stress deviator the computed response is always above to the experimental 
values for the medium dense samples (𝑒0=0.841) in contrasted with dense samples 
(𝑒0=0.706) which the model does not reach experimental results. For the excess pore 
pressure model shows the opposite, the response is overpredict for dense samples 
(𝑒0=0.706) while lower values comparing with experimental results are observed for 
medium dense samples (𝑒0=0.843). For the particular case of 𝑒0=0.775, the computed 
responses agree well with the experimental, this is because 𝑒0=0.775 denotes an 
intermediate behavior between the other two tests studied. 
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Figure 31. Saturated undrained triaxial compression rest in Black Sand experimental 




4. Evaluation of Model Capabilities with One 
Set of Parameters 
This chapter presents the capability of the hypoplastic model to capture the 
mechanical response of reconstituted gassy specimens at various void ratios, using the 
same set of parameters defined for saturated conditions (see Table 5). 
As discussed in section 2.4.1, the presence of free gas into the void space reduces 
the degree of saturation, 𝑆, and increases the pore fluid compressibility. They have the 
potential to affect the behavior of the material in terms of strength, pore pressure generation 
and volume change. In this work, to capture the soil behavior of gassy soil samples, pore 
fluid compressibility was increased in accordance with the amount of free and dissolved 
gas into mass fluid. As explained in section 2.5, the pore fluid compressibility is related to 
𝑆 and and Henry’s solubility constant, ℎ. Using equation (4) proposed by Fredlund (1976), 
the fluid compressibility is computed for a mixture of several gases with water, 𝐻2𝑂. The 
gases of interest in this work are air, 𝑂2, Carbon dioxide, 𝐶𝑂2, and Nitrogen, 𝑁2. Being the 
last two the principal gasses produce during detonations (see section 2.2). 
The calculations of the pore fluid compressibility were performed by assuming an 
absolute pore air pressure, 𝑢𝑎, of 2 atm (202.6 kPa). It corresponds to the atmospheric 
pressure plus the effective stress acting on the soil sample. The pore pressure parameter, 
𝐵𝑎𝑤, and the compressibility of the water, 𝛽𝑤, were assumed equal to 1 and 4.7x10
-7m2/kN, 
respectively. The employed Henry’s constant for the different gases considered therein are 
listed on Table 6. 
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Table 6. Henry’s solubility constant for several gases-water mixtures. Data taken from 
(Sander 1999). 




According to Table 6, the solubility coefficient of 𝐶𝑂2 is 25 and 55 times more 
soluble than 𝑂2 and 𝑁2, respectively. This means that 𝐶𝑂2 is easily dissolved in the pore 
fluid increasing its compressibility. However, it does not contribute to lower the degree of 
saturation of the soil because it is unlikely that coexists in free form. Figure 32, shows the 
values of the compressibility obtained for gas-water mixture of  𝐶𝑂2, 𝑂2, and 𝑁2 as a function 
of the degree of saturation. 
 
Figure 32. Pore fluid compressibility for different gasses as a function of the degree of 
saturation. 
The modeling of gassy soil samples under triaxial compression loading was 
performed using the same boundary value representation and calculation stages 
implemented for the saturated test conditions presented in section 3.2.2. To capture the 
gassy soil behavior, the sample was modeled in PLAXIS 2D as a material with a relatively 
compressible pore fluid under undrained conditions. By default, PLAXIS 2D assumes the 
grain skeleton of the soil to be incompressible and uses a high value for the Bulk modulus 
of water, 𝐾𝑤.The most advanced options in the software allow to manually set 𝐾𝑤, which 
can be obtained as the inverse of the fluid compressibility. The Bulk modulus of the pore 
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fluid was calculated based on the compressibility values previously obtained as a function 
of the degree of saturation. This is show in Figure 33 where low compressibility value 
implies a high bulk modulus. 
 
Figure 33. Compressibility of pore fluid for different gasses in function of the degree of 
saturation. 
As explained in section 2.4.1 the presence of gas into the soil matrix, under certain 
conditions, has different consequences for loose and dense sands in terms of stiffness and 
strength. Such as the modification in the liquefaction resistance for loose sand or the 
decrease in the peak behavior stress for dense sands (Gallant 2014; Grozic et al. 1999; 
Rad et al. 1994; Vega-Posada 2012). Herein, the evaluation of the hypoplastic soil model 
is based on the experimental results of six triaxial compression test in gassy soil samples 
of black sands retrieved from the Oakridge Sanitary Landfill located in South Carolina, USA. 
The detailed experimental program is presented by Vega-Posada (2012). The gassy sand 
samples are divided into three groups based on the average void ratio: group 1, 𝑒𝑎𝑣𝑒 =
0.83; group 2, 𝑒𝑎𝑣𝑒 = 0.79; and group 3 𝑒𝑎𝑣𝑒 = 0.71 to evaluate the capability of the model 
to capture the mechanical response of gassy sands at various densities. 
In order to properly interpret the results obtained from PLAXIS, it is important to 
explain the meaning of pore pressures as the quantities that relate to the stress in the pores 
of material. In most cases, stress and pore pressure in the soil are negative (i.e., 
compression). However, due to undrained unloading, pore pressure may become positive 
(tension), which is denoted as suction in PLAXIS 2D.  
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Excess pore pressure is the result from undrained behavior and is affected by stress 
changes due to loading or unloading, a change in hydraulic conditions and consolidation. 
Excess pore pressure may show positive values (suction) as a result of undrained 
unloading, even when the option ignore suction has been selected. 
Figure 34. shows the comparison between experimental and computed responses for 
triaxial compression test of gassy specimens in group 1 (𝑒𝑎𝑣𝑒 = 0.83). Two different degrees 
of saturation (83% and 94%) with confinement stresses of 85.3 and 82.8 kPa, respectively, 
are employed. The responses are evaluated in terms of deviatoric stress, pore pressure 
and volumetric strain vs axial strain. The numerical simulations are performed for three 
different gas-water mixtures (𝐶𝑂2, 𝑁2, 𝐶𝑂2 ) which represents the gases generated during 
blasting event as discussed in section 2.2. 
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Figure 34. Experimental and computed responses for triaxial compression tests on 
reconstituted gassy samples (group 1: 𝑒𝑎𝑣𝑒 = 0.83). 
It can be observed in Figure 34 that for a degree of saturation of 83% the computed 
deviatoric and volumetric responses agree well with the experimental results for the three 
gas-water mixtures. Note that the hypoplastic sand model can reproduce the dilative 
behavior observed experimentally in gassy sand samples. Larger discrepancies are 
observed for the excess pore water pressure response, with the 𝐶𝑂2-water mixture 
capturing slightly better the observed behavior. It can be explained by the higher 
compressibility of the mixed pore fluid with 𝐶𝑂2 in comparison with the other two gases, 
which reduces the generation of positive excess pore water pressure.  
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For a higher degree of saturation (𝑆= 91%), the computed responses using 𝑁2- and 𝑂2-
water mixtures predict much better the observed response than the 𝐶𝑂2-water mixture. It 
can be explained by the low excess pore water pressures obtained when using 𝐶𝑂2 as the 
high compressibility precludes its generation. In general, the computed responses using 
𝑁2- and 𝑂2-water mixtures show higher dilation than the experimental results, which 
increased as the degree of saturation decreases. This is in concordance with the 
experimental results performed by Vega-Posada (2012) and the soil behavior for dense 
sand discussed in section 2.4.1. Dilation in the hypoplastic soil model is influenced by the 
mean pressure, for highest values of strength the dilatancy will take the lowest values. In 
this case numerical simulation response for both test have a similar strength which 
influence the model into the capture of the amount of dilatation which is basically the same 
for both test. 
Figure 35. shows the comparison between experimental and computed responses 
for triaxial compression test of gassy specimens in group 2 (𝑒𝑎𝑣𝑒 = 0.79). Confinement 
stress of 89.4 kPa and 89.5 kPa with degrees of saturation of 91% and 95% respectively, 
are employed. Again, the responses are evaluated in terms of deviatoric stress, pore 
pressure and volumetric strain, and the numerical simulations are performed using 𝐶𝑂2-, 
𝑁2-, 𝐶𝑂2 -water mixtures. 
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Figure 35. Experimental vs computed response of triaxial compression test on 
reconstituted gassy samples with 𝑒𝑎𝑣𝑒 = 0.79 
The comparison in Figure 35 showed that for a degree of saturation of 91% the 
numerical simulation reasonably captured the deviatoric experimental response under 
strain values of 8% for the three gas-water mixtures. For the excess pore water pressure 
and volumetric response an overpredicted behavior is obtained with all gas-water mixture, 
except for the computed excess pore pressure with 𝐶𝑂2 which is no capable to reach the 
laboratory results. 
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For a degree of saturation of 95%, the model response presented lower values than 
experimental results in terms of the deviatoric stress for the three gas-water mixtures. 
Excess pore pressure is qualitative acceptable. However, the values are overpredicted by 
the model using the 𝑁2 and 𝑂2 gases, while, for 𝐶𝑂2 pore pressure is lower in agreement 
with experimental values as the computed response for volume change. 
Figure 36. shows the comparison between experimental and computed responses 
for triaxial compression test of gassy specimens in group 3 (𝑒𝑎𝑣𝑒 = 0.71). Confinement 
stress of 83.6 kPa and 86.2 kPa with degrees of saturation of 91% and 98%, respectively, 
are employed. As the previous groups, the responses are evaluated in terms of deviatoric 
stress, pore pressure and volumetric strain, and the numerical simulations are performed 
using 𝐶𝑂2-, 𝑁2-, 𝐶𝑂2 -water mixtures. 
For samples testing with saturations degree of 91%, the numerical simulation with 
a 𝐶𝑂2-water mixture captures accurately deviatoric stress and volume changes, while the 
simulations with 𝑁2- and 𝑂2 -water mixtures do not show a good agreement for large strain 
levels (higher that 4% specifically). For the excess pore pressure an underestimated 
computed response is obtained with 𝑁2- and 𝑂2- water mixtures while the opposite is 
encounter with 𝐶𝑂2 where the development of pore pressure is very low. 
The model results for a degree of saturation of 98%, shown an underestimation of 
the stress-strain curve for three gas mixtures for strain values below to 7%. For 𝑁2- and 𝑂2- 
water mixture for higher strain values the response is overpredicted. For excess pore fluid 
pressure response with 𝑁2- and 𝑂2- water mixtures an overpredicted response is noted, in 
contrast with 𝐶𝑂2- water mixture which the computed response shows a minimal pore 
pressure generation. The computed responses of volume change for all gasses fit well for 
small strain levels, however the model accumulates more volumetric strain in agreement 
with the experimental results for large strain levels.  
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Figure 36. Experimental vs computed response of triaxial compression test on 





5. Numerical Modeling of the Cone Penetration 
Test 
This chapter presents the numerical simulation of the Cone Penetration Test (CPT). 
The numerical model is created in PLAXIS 2D and is combined with the spherical cavity 
expansion theory to obtain CPT tip resistance, 𝑞𝑐, at different depths. The hypoplastic sand 
model with intergranular strain is used to represent the soil behavior in these analyses. This 
chapter focus on evaluating the effects of varying the pore fluid compressibility on the CPT 
tip resistance. This approach is used to investigate the response of a soil mass having free 
gas in the pore fluid under the mechanical action of a penetrating probe. 
This chapter begins with a detailed description of the Finite Element model employed 
to simulate the expansion of a spherical cavity. Then, the numerical model is validated 
against pressure-expansion curves based on closed-form solutions proposed by Cudmani 
and Osinov (2001). Numerical analyses of CPT sounding are compared with CPTs 
conducted before blast densification at the Oakridge Sanitary Landfill to validate the 
numerical approach. Finally, the results of a parametric analysis are presented to show the 
effects of the change in pore fluid compressibility at different void ratios on the CPT tip 
resistance. 
5.1 Description of the Drained Numerical Model 
As discussed in section 2.6, the CPT tip resistance, 𝑞𝑐, is related to the spherical 
cavity expansion limit pressure, 𝑝𝑙𝑖𝑚𝑖𝑡, which can be evaluated using the closed-form 
solution described in section 2.6.1. In this work, a numerical model in PLAXIS 2D under 
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drained conditions is used to simulate the expansion of a spherical cavity and to predict 
𝑝𝑙𝑖𝑚𝑖𝑡. The hypoplastic sand model is used and variations in the pore fluid compressibility 
are included to estimate 𝑞𝑐-values. The numerical model employed in these analyses is 
based on procedures similar to those reported in study cases (Mo 2014; Sun Jie 2012; 
Suryasentana and Lehane 2014; Suzuki and Lehane 2015; Tolooiyan and Gavin 2011; Xu 
2007; Xu and Lehane 2008). 
The Finite Element analyses were performed under axisymmetric conditions using 
15 node triangular elements (Brinkgreve et al. 2014). The numerical model has a radius of 
10 m and a height of 21 m. According to Xu (2007), these dimensions do not influence the 
results as they represent an infinite large soil mass for a spherical cavity with an initial 
radius, 𝑎0, of 0.1 m. The spherical cavity was located at a high of 10 m. Default boundary 
conditions were used. It implies free at the top, normally fixed on the left and right sides and 
fully fixed conditions at the bottom. Tolooiyan and Gavin (2011) suggested the inclusion of 
a 1m-thick dummy layer at the top of the weightless deposit to perform analyses at several 
depths. Uniform stress conditions are achieved by varying the unit weight of the dummy 
layer. The mesh of the employed numerical model is shown in Figure 37. 
 
Figure 37. Model geometry and mesh for spherical cavity expansion: a) Model geometry 
b) Cavity area. 
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The calculation phases, required to model the expansion of a spherical cavity, included the 
generation of the initial stresses by the 𝐾0 procedure (Brinkgreve et al. 2014). The 𝐾0-value 
was set to 1.0 in all cases and at target stress similar to the in-situ vertical effective stress 
was generated. Then, the cavity cluster is activated in a plastic calculation phase. The 
cavity and the dummy layer were modeled as a linear elastic material with a Young’s 
modulus, 𝐸, equal to 2000 kPa, and Poisson’s ratio, 𝜐, of 0.2. The soil surrounding the 
cavity was modeled using the hypoplastic sand model. The employed model parameters 
and its identification procedures are given in section 3.2. Once the cavity was activated, the 
displacements were set to zero using a plastic nil-step stage. Plastic nil-step stages are 
calculation phases in which no additional loading is applied. They are required to solve 
large out-of-balance forces and to restore equilibrium. Finally, the spherical cavity was 
expanded by applying incrementally positive volumetric strains in subsequent calculation 
phases. For problems involving large strain generation, Xu (2007) suggested to perform 
the calculation phases using the Updated Mesh option and to switch-off the arc-length 
control in PLAXIS 2D (Brinkgreve et al. 2014). Table 7 provides a description of the 
modeling phases included in the numerical analyses. 




Phase name Phase description 
1 Initial phase 
Initial effective stress generation following 𝐾0 
procedure. 𝐾0-value was set to be 1 all cases. 
2 Spherical Cavity 
Allows to activate the spherical cavity cluster after 
the initial soil stresses were generated 
3 Plastic nil-step 
Plastic phase to solve large out of balance forces 
and to reset displacements to zero. 
4 
Incremental 
expansion of cavity 
Positive volumetric strain, 𝑣𝑜𝑙, is applied 
incrementally in subsequence phases.  
The cavity pressure-expansion curve is obtained by plotting the results of the major 
principal effective stress, 𝜎1
′, against radial displacement, 𝑎, at a point inside the spherical 
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cavity. The limit pressure, 𝑝𝑙𝑖𝑚𝑖𝑡, is determined as the maximum effective stress from the 
cavity pressure-expansion curve. 
To investigate the mesh dependency three numerical models with different mesh 
densities were performed following the analysis procedure describe above. Mesh densities 
with an element distribution of 0.04 for 773 elements, 0.03 for 1187 elements and 0.02 for 
2219 elements, were employed for the calculation. Brinkgreve et al. (2014) describe the 
element distribution as an indicator of the relative element size with respect to the target 
element size. The different meshes are shown in Figure 38. 
 
Figure 38. Mesh densities with an element distribution of: a) 0.04, b) 0.03 and c) 0.02. 
The cavity pressure-expansion curves obtained with each mesh are shown in 
Figure 39. Note that small differences are obtained between the results. Hence, the 
numerical model does not require a finer mesh. 
 
Figure 39. Cavity pressure-expansion curves obtained for different mesh densities. 
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Nevertheless, in zones of the model where large deformations are expected, it is 
required to have much finer mesh to ensure an effective convergence and a smooth 
response (Brinkgreve et al. 2014). Then a local refinement in the cavity of 0.03 and different 
refinements around the cavity were used. 
5.1.1 Numerical Model Verification Using the Hypoplastic Model 
The numerical model for spherical expansion was validated by comparing computed 
cavity pressure-expansion curves with those given by the semi-empirical method proposed 
by Cudmani and Osinov (2001) for a hypoplastic soil model which is described in the section 
2.6.1. The case of the Ticino sand for a wide range of densities was considered. One of 
these analyses was used in the previous section to evaluated the accuracy of the different 
mesh densities. The hypoplastic parameters of the Ticino sand are listed in Table 8. 
Table 8. Hypoplastic parameters for Ticino sand (taken from Osinov and Cudmani 2001) 
𝝋𝒄 𝒉𝒔 (𝐌𝐩𝐚) 𝒏 𝒆𝒅𝟎 𝒆𝒄𝟎 𝒆𝒊𝟎  𝜷 
31 250 0.68 0.59 0.94 1.11 0.11 1.0 
For these comparisons, an initial mean effective stress inside the cavity of 100 kPa 
and an initial cavity radius of 0.1 m were employed. In addition, five values of initial void 
ratio, 𝑒0, between 0.9 and 0.6 were used. 
Figure 40 compares the computed cavity pressure-expansion curves with the semi-
empirical solution derived by Cudmani and Osinov (2001). Note that the finite element 
model predictions in PLAXIS 2D provide a good agreement and that the variations in void 
ratio lead to significant differences between the respective limit pressure values. The 
differences between the computed limit pressure and the semi-empirical method at 𝑎 𝑎0⁄ =
3 are less than 7.0 % in all cases, as summarized in Table 9. 
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Figure 40. Comparison between semi-empirical and finite element model pressure-
expansion curves in Ticino sand (adapted from Osinov and Cudmani 2001). 











∗ =0.10 0.90 1647.92 1598.07 3.03 
Ticino Sand 𝐼𝐷
∗ =0.30 0.83 2008.72 1884.10 6.20 
Ticino Sand 𝐼𝐷
∗ =0.50 0.76 2488.86 2330.01 6.38 
Ticino Sand 𝐼𝐷
∗ =0.70 0.69 3330.20 3115.37 6.45 
Ticino Sand 𝐼𝐷
∗ =0.90 0.62 5400.00 5061.18 6.27 
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5.2 Numerical Determination of Cone Penetration Test Tip 
Resistance for Pre-blast Black Sand 
The above CPT numerical model is evaluated to predict the 𝐶𝑃𝑇 tip resistance values 
for the pre-blast event discussed in section 2.3.3. Penetration resistance values were 
determinate for depths between 7.8 and 11.5 m below ground surface agreeing with the 
location of the black sand layer. The parameters of the hypoplastic model with the 
intergranular strain extension were used for the analysis so that the computed results would 
capture the stress history of the pre-blast black sand. The initial conditions of the model 
were defined by an initial void ratio of 0.9 representing a loose state of the black sand 
deposit. Different depths were considered to simulate the expansion of a spherical cavity. 
The initial vertical stresses were calculated using Equation (3). The obtained results are 
presented in Table 10 for the different depths considered. 
Table 10. Vertical effective stress results, 'v. 
Depth v Pore pressure, U 'v 
(m) (kPa) (kPa) (kPa) 
7.8 140.37 63.00 77.37 
8.0 143.94 65.00 78.94 
8.4 151.10 69.00 82.10 
8.8 158.25 73.00 85.25 
9.2 165.41 77.00 88.41 
9.6 172.56 81.00 91.56 
10.0 179.72 85.00 94.72 
10.5 188.66 90.00 98.66 
11.0 197.60 95.00 102.60 
11.5 206.55 100.00 106.55 
Figure 41 presents the comparison of pressure-expansion curves obtained from the 
numerical results at each depth. The limit pressure was taken as the pressure where the 
spherical cavity expansion is 3.0 times the initial cavity radius. The predicted values of limit 
pressure using the Hypoplastic sand model are presented in Table 11. 
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Figure 41. Pressure expansion curve for each depth analyzed. 






(m) (kPa) MPa 
7.8 638.59 1.44 
8 648.89 1.45 
8.4 667.12 1.47 
8.8 687.5 1.50 
9.2 706.63 1.52 
9.6 725.41 1.54 
10 744.37 1.56 
10.5 768.06 1.58 
11 790.97 1.61 
11.5 814.58 1.63 
The computed 𝑞𝑐-values listed in Table 11 were compared with the results of 
experimental CPTs performed before blast densification at the site of the Oakridge landfill. 
Figure 42 shows the computed and measured CPT tip resistances. Note that the numerical 
results employing the Hypoplastic sand model provide a good estimate of the measured 
CPT tip resistance. 
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Figure 42. CPT qc profile of estimated and measured values before blasting at the 
Oakridge landfill. 
5.3 Description of the Undrained Numerical Model 
A series of analyses were carried out to evaluate the effects in the CPT tip resistance 
due to the presence of occluded bubbles into the soil mass. These analyses were 
performed under undrained conditions so that the pore fluid compressibility can be changed 
in Plaxis 2D as explained in section 4. 
The numerical model to simulate the expansion of a spherical cavity under undrained 
conditions has the same geometric characteristics and boundary conditions as explained 
in section 5.1. The calculation phases are also similar. However, a consolidation phase was 
added after each incremental expansion of the cavity to dissipate the pore pressure 
developed for the increment of volume into the cavity. In this way, the response of the cavity 
expansion is similar to the expected drained conditions in a granular soil deposit. It allows 
to correlate the limit pressure calculated with the undrained model with the CPT tip 
resistance using the empirical solutions proposed by Cudmani and Osinov (2001) described 
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in section 2.6.1. Table 12 provides a description of the modeling phases included in the 
numerical analyses for undrained cavity expansion. 




Phase name Phase description 
1 Initial phase 
Initial effective stresses generation following 𝐾0 
procedure. 𝐾0-value was set to be 1 all cases. 
2 Spherical Cavity 
Allows to activate the spherical cavity cluster after 
the initial soil stresses were generated 
3 Plastic nil-step 
Plastic phase to solve large out of balance forces 
and to reset displacements to zero. 
4 
Incremental 
expansion of cavity 
Positive volumetric strain, 𝑣𝑜𝑙, is applied 
incrementally in subsequence phases.  
5 Consolidation  




expansion of cavity 
Positive volumetric strain, 𝑣𝑜𝑙, is applied 
incrementally in subsequence phases.  
7 Consolidation  




expansion of cavity 
Positive volumetric strain, 𝑣𝑜𝑙, is applied 
incrementally in subsequence phases.  
9 Consolidation  




expansion of cavity 
Positive volumetric strain, 𝑣𝑜𝑙, is applied 
incrementally in subsequence phases.  
The undrained cavity expansion numerical model was validated by comparing the 
obtained pressure-expansion curve with the one obtained using drained conditions. The 
undrained cavity expansion model allowed the dissipation of excess pore fluid pressure 
after each volumetric increment is applied. The same soil conditions at a stress state 
corresponding to a depth of 8.80 m were considered. A pre-blast and various post blast 
events were simulated by updating the initial void ratio and the vertical stress state. 
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The initial void ratios evaluated herein are in accordance with those in-situ final void 
ratios achieved after blast densification performed at the Oakridge landfill reported by Vega-
Posada (2012). The initial conditions for the undrained numerical model were set in terms 
of total stresses to consider the in-situ static pore pressure. The basic parameters of the 
hypoplastic model with the intergranular strain parameters (see Table 5). 
Figure 43 presents the comparison of pressure-expansion curves obtained with 
numerical model considering drained and undrained conditions.at a depth of 8.80 m.. Note 
that the undrained response with dissipation of excess pore fluid pressure provides a good 
agreement with those computed with the drained model for different density states of the 
soil mass. 
 
Figure 43. Cavity pressure-expansion curves for drained and undrained conditions:  a) 
pre-blast conditions with e0=0.90; and b) post several blast events conditions where a 
void ratio of e0=0.65 was achieved. 
The differences between the computed limit pressure obtained for each model at 
𝑎
𝑎0⁄ = 3 are less than 4.0 % in both cases. According to this, the undrained cavity 
expansion model with dissipation of pore pressure is considered to be able to perform the 
analysis for gassy soil. The values of the limit pressure and the error between both methods 
are summarized in Table 13.  
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Table 13. Validation of numerical undrained cavity expansion numerical model. 
Initial void 
ratio 
Drained cavity expansion 
𝒑𝒍𝒊𝒎𝒊𝒕 (kPa)  




0.90 687 705 2.55 
0.65 1640 1700 3.52 
5.4 Numerical Determination of Cone Penetration Test Tip 
Resistance for Post-blast Conditions 
A parametric study was carried out for different pore fluid compressibility to evaluate 
the effect of free gas into the soil mass on the tip resistance of Cone Penetration Tests. 
The pore fluid compressibility, 𝛽𝑚, was calculated as explained in section 4 considering 
only a pore fluid mixture of Nitrogen, 𝑁2, with water, 𝐻2𝑂. Nitrogen is considered, by several 
authors, as the main gas contributing to the gassy state of the blasted soil mass and 
consequently the one affecting the increase of CPT tip resistance after densification 
(Gallant 2014; Grozic et al. 2005; Hryciw 1986; Vega-Posada 2012). Degrees of saturation, 
𝑆, between 95 and 99 % were considered in accordance with Fredlund and Rahardjo 
(1993), which indicated that degrees of saturation above of 95% allow the fluid to be 
continuous throughout the voids and gas coexist as occluded bubbles. 
A total of 30 cases were analyzed to determinate the limited pressure at a depth of 
8.80 m at different density conditions. Initial void ratios between 0.86 and 0.65 were 
selected to represent medium loose to dense states of the gassy black sand. These values 
represent the amount of densification achieved in the target soil after each blast. The initial 
stress conditions were calculated as explained in section 5.3. The cases analyzed are 
presented in Table 14. It shows that an increase in the pore fluid compressibility has more 
influence for the cases with a higher void ratio (e0=0.86, e0=0.83 and e0=0.79). Note that 
the limit pressure, a given radial displacement, is considerably reduced as the degree of 
saturation decreases. This behavior is not presented by the cases with a low void ratio 
(e0=0.65 and 0.7) where the limit pressure at a given radial displacement is basically 
constant for the degrees of saturation considered. Additionally, the largest decreased of the 
limit pressure is given when the soil is completely saturated and happens to be partially 
Chapter 5. 
Numerical Modeling of the Cone Penetration Test 
71 
 
saturated with the inclusion of only 1% Nitrogen. This is explained because only 1% of any 
gas into a saturated system generate an increase of almost three orders of magnitude in a 
pore fluid compressibility (Fredlund 1976). For the cases 2 (color green in Figure 44a) and 
17(color yellow in Figure 44c) it is observed that as the cavity expands, the limit pressure 
decreases. 
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Table 15. The simulations were divided into five groups based on the initial void 
ratio: First group, 𝑒0 = 0.86; Second group, 𝑒0 = 0.83; Third group, 𝑒0 = 0.79; Fourth group, 
𝑒0 = 0.70 and Fifth group, 𝑒0 = 0.65, to evaluate the capability of the model to capture the 
effect in the pressure expansion due to the presence of free gas on sands with various 
densities. 
The pressure expansion curves for each group evaluated are presented in the 
Figure 44. It shows that an increase in the pore fluid compressibility has more influence for 
the cases with a higher void ratio (e0=0.86, e0=0.83 and e0=0.79). Note that the limit 
pressure, a given radial displacement, is considerably reduced as the degree of saturation 
decreases. This behavior is not presented by the cases with a low void ratio (e0=0.65 and 
0.7) where the limit pressure at a given radial displacement is basically constant for the 
degrees of saturation considered. Additionally, the largest decreased of the limit pressure 
is given when the soil is completely saturated and happens to be partially saturated with 
the inclusion of only 1% Nitrogen. This is explained because only 1% of any gas into a 
saturated system generate an increase of almost three orders of magnitude in a pore fluid 
compressibility (Fredlund 1976). For the cases 2 (color green in Figure 44a) and 17(color 
yellow in Figure 44c) it is observed that as the cavity expands, the limit pressure decreases. 
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Table 15. Analysis program of undrained cavity expansion for a gassy soil 
Group Case No. Depth v (kPa) U (kPa) 'v (kPa) e0 S (%) 𝜷𝒎, N2 (m2/kN) 
First 
1 
8.80 158.8 73.0 85.8 0.86 
100 4.70E-07 
2 99 1.23E-04 
3 98 1.72E-04 
4 97 2.20E-04 
5 96 2.69E-04 
6 95 3.18E-04 
Second 
7 
8.80 158.9 73.0 85.9 0.83 
100 4.70E-07 
8 99 1.23E-04 
9 98 1.72E-04 
10 97 2.20E-04 
11 96 2.69E-04 
12 95 3.18E-04 
Third 
13 
8.80 159.8 73.0 86.8 0.79 
100 4.70E-07 
14 99 1.23E-04 
15 98 1.72E-04 
16 97 2.20E-04 
17 96 2.69E-04 
18 95 3.18E-04 
Fourth 
19 
8.80 160.9 73.0 87.9 0.7 
100 4.70E-07 
20 99 1.23E-04 
21 98 1.72E-04 
22 97 2.20E-04 
23 96 2.69E-04 
24 95 3.18E-04 
Fifth 
25 
8.80 161.0 73.0 88.0 0.65 
100 4.70E-07 
26 99 1.23E-04 
27 98 1.72E-04 
28 97 2.20E-04 
29 96 2.69E-04 
30 95 3.18E-04 
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Figure 44. Pressure expansion curve for: a) First group e0=0.86; b) Second group 
e0=0.83; c) Third group e0=0.79; d) Fourth group e0=0.70 and e) Fifth group e0=0.65 
The cavity limit pressure values at 𝑎 𝑎0⁄ = 3, are listed in Table 16. Note that the 
larger reduction in limit pressure was about 22 % for the case when the saturation degree 
decreases to 99 %. The other cases showed a reduction varying between 1 and 5.8 %. 
 
 
Table 16. Summary of 𝑷𝒍𝒊𝒎𝒊𝒕 for all the cases. 
 e0=0.86 e0=0.83 e0=0.79 e0=0.70 e0=0.65 
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S (%) Plimit (kPa) 
100 1080 1120 1200 1400 1600 
99 740 920 1070 1400 1600 
98 850 900 1036 1280 1620 
97 840 890 1020 1400 1600 
96 850 850 960 1300 1650 
95 820 820 1000 1250 1550 
 The above results indicate that the cavity limit pressure can be reduced significantly 
by the presence of gas in free form into the system, especially for loose to medium sands. 
To evaluate if a decrease in the limit pressure is enough to yield CPT tip resistances lower 
than those obtained before a blast event, 𝑞𝑐-values were computed for each limit pressure 
using the procedure explained in section 2.6.1. 
Figure 45 summarizes the post-blast 𝑞𝑐-values computed for different void ratios 
and degrees of saturation. A consistent decrease of 𝑞𝑐 occurred in relation with the degree 
of saturation, which represents the presence of gas into the system. The results show that 
the inclusion of 1 % of Nitrogen into the system produces larger reductions of the 𝑞𝑐, which 
agrees with the hypothesis that the presence of gas contributes or explains the lack of 
increased resistance during CPT soundings performed post-blasting. However, in 
comparison with the pre-blast values of tip resistance, the model is not able to capture a 
significant decrease. The computed post-blast values of 𝑞𝑐, are higher than those obtained 
in pre-blast conditions. The measured pre-blast values are about 2 MPa in the liquefiable 
black sand according with the data presented in 2.3.3 and computed in 5.2 
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Figure 45. CPT tip resistance for: a) First group e0=0.86; b) Second group e0=0.83; c) 






6. Conclusions and Recommendation. 
The effects of free gas trapped in the soil mass on the tip resistance of cone 
penetration test (CPT) were numerically evaluated by using the finite element method in 
PLAXIS 2D. The soil response was modeled using the hypoplastic model including the 
intergranular strain formulation and the parameters validated based on oedometer and 
triaxial tests performed on saturated and gassy sand samples. To investigate the response 
of a soil mass having free gas in the pore fluid under the mechanical action of a penetrating 
probe or triaxial loading, a relative pore fluid compressibility based on the saturation degree 
was used in the numerical analysis. 
6.1 Conclusions 
Based on the numerical evaluation of a hypoplastic constitutive soil model to 
reproduce the response of loose liquefiable black sand under drained and undrained triaxial 
conditions and to capture gassy soil behavior the following conclusions can be drawn: 
 The parameters of the basic hypoplastic sand model with the intergranular strain 
extension can be calibrated with results of conventional oedometer test and triaxial 
compression test. Numerical simulations reproduce the one-dimensional 
compression loading, unloading and reloading behavior of black sand especially 
well for those specimens with large void ratios (𝑒0=1.046 to 0.86). Some 
discrepancies were observed for the dense reconstituted specimens (void radios 
larger to 0.86). 




 The numerical simulations, using one set of parameters, for the triaxial stress 
response under drained conditions for saturated soil samples captured reasonably 
well the measure response for medium dense sands. For dense specimens, the 
numerical model shows a slightly stiffer response. The shear stress-strain response 
at strain levels under 1% were accurate for all the specimens. The Hypoplastic 
model reproduced accurately the observed volumetric and deviatoric stress-strain 
response for these reconstituted saturated samples sheared under drained 
conditions. 
 Triaxial tests under undrained conditions for saturated soil specimens, compared to 
drained computations, show larger discrepancies between the observed and 
computed responses. However, the hypoplastic sand model captures the general 
observed trend of medium dense to dense black sands. 
 The same set of parameters used for the numerical simulation of the saturated 
samples was used to simulated the triaxial stress behavior of the gassy samples. 
The hypoplastic sand model with the intergranular strain can reproduce the dilative 
behavior observed experimentally in gassy sand samples. Some discrepancies 
were observed for the excess pore water pressure response for all the used 
gases/water mixtures. The Nitrogen mixture captured slightly better the observed 
behavior. In general, the selected constitutive model can reproduce the behavior of 
a soil with free gas trapped in its structure by varying the pore fluid compressibility 
according with the degree of saturation in the soil. 
Based on the numerical simulation of the cone penetration test tip resistance for pre-blast 
soil conditions the following conclusions can be drawn: 
 The proposed spherical cavity numerical analyses under drained conditions, using 
the hypoplastic sand model, has the capability to simulate the limit pressure needed 
to expand a cavity. This was observed in the comparison with those pressure 
expansion curves obtained with semi-empirical methods. According to this 
comparison the numerical model slightly underestimated the limited pressure by 
approximately 6%. 
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 The semi-empirical method proposed by Cudmani and Osinov (2001) provides 
comparable predictions to the experimental data in terms of magnitude of the CPT 
resistance in the black sand. 
Based on the numerical simulation of the cone penetration test tip resistance for post-blast 
soil conditions the following conclusions can be drawn: 
 The proposed spherical cavity expansion numerical model under undrained 
conditions with pore pressure dissipation have the capacity to capture the limit 
pressure of a drained condition by using the approach of increment volumetric strain 
followed by pore pressure dissipation. It was validated by comparing the obtained 
pressure expansion curves with drained spherical cavity expansion models 
proposed in this investigation 
 The numerical model presented for the post-blast conditions of the soil has the 
capacity of capturing a decrease in the limit pressure by increasing the pore fluid 
compressibility. This is especially reflected on samples with a high void ratio where 
a 1 % of Nitrogen inclusion into the system produced a decrease of 22 % on the 
limit pressure. In contrast with the dense cases where a decrease is hardly to 
observe. 
 The hypoplastic soil model indicated that the limit pressure calculated with the 
proposed numerical model is primarily a function of the initial void ratio, considering 
that no change in the limit pressure was observed for the dense sand cases once 
the pore fluid compressibility was increased.  
 The post-blast tip resistance computed with the semi-empirical method proposed 
by Cudmani and Osinov (2001) did not provides comparable values with the field 
data. The computed values were higher than those obtained in the experimental 
program. However, it should be noted that the data base of the semi-empirical 
method is based on a hypoplastic constitutive equation where only drained 
conditions are taken into account. So, the applicability of this method on a material 
under undrained behavior is insufficient and further research is necessary. 





 Pore fluid compressibility for a mixture of Nitrogen with water shows reasonable 
results for the post-blast simulation performed herein. However, for future studies 
the numerical simulation should incorporate other gases dissolved in the fluid and 
evaluated their effects on the cone penetration resistance. 
 Laboratory studies using calibration chamber tests should be performed on 
reconstitute samples with the initial void ratio and degree of saturation employed in 
this investigation for post-blast analysis to verify and validate the spherical cavity 
expansion numerical model under undrained conditions with dissipation of excess 
pore pressure proposed in this investigation. 
 Future investigations can be focused on creating a numerical model that can 
represent, in a continuous form, the cone penetration mechanism including tip and 
sleeve resistances in a soil mass with normal conditions and with the presence of 
occluded bubbles. This approach can be used to evaluate the liquefaction 
susceptibility for saturated and not saturated cases. 
 A fully coupled analysis where partially drained conditions can be included would 
be ideal to capture the pore pressure generation observed in the cone penetration 
test in pre-blast and post-blast conditions. It might help to explain the post-blasting 
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